Developmental biology describes this process as an active one, which is not only associated with the apoptosis of several cells within the cartilage zone, so that the limb anlagen form two structures articulating with each other
.
Cells are in cytoplstic contact with each other, with a complex pattern of gap junction protein expression (connexin 43 and connexin 32) [19] . At a molecular level, joint formation is associated with the appearance of BMP family members, such as GDF-5 and GDF-6 [15, 20] and with the down-regulation of type II collagen [21] . A similar process of dedifferentiation, associated with a down-regulation of collagen type II can be observed in monolayer cultures of human articular chondrocytes [22, 23] . The mechanisms that support this in vitro dedifferentiation process have not been well characterized, to date.
GDF-5 is described as one of the pivotal factors in joint development; thus we studied the role of GDF-5, its receptors (BMPR-Ia, BMPR-Ib and BMPR-II) and its antagonist (noggin) in the course of this in vitro dedifferentiation process. Furthermore we investigated the changes in the expression pattern of connexin 43 and 32 as important representatives of the intercellular communication system.
We suggest that some molecular expression patterns that have been described for the formation of the interzone can be found in the dedifferentiation process of human articular chondrocytes. 
Material and methods

Isolation and monolayer culture of human articular chondrocytes
Statistical analysis
All samples were assayed by real-time PCR in triplicates. The values were log transformed and reported as the mean Ϯ S.D. of the real-time PCR analyses.
Results
Real-time PCR
The mRNA level of GDF-5 showed a 10-fold increase in expression after the first day, and remained unchanged during the entire cultivation period (Fig. 1a) . (Fig. 1b) (Fig. 1c) and BMPR-II was up-regulated around day 18 (Fig. 1d) .
Together with the increase in GDF-5 its specific receptor, BMP receptor 1b (BMPR-1b), was increased, but did not reach the level of ligament fibroblasts
Along with the increase in GDF-5 there was a reduction of the inhibitor, noggin, which was diminished to one-tenth the expression level in native cartilage (Fig. 2a) .
The (Fig. 2b) .
Connexin 32, a protein that has been described as an important parameter for intercellular communication in the embryonic interzone, could not be detected in any sample (data not shown). Fig. 3(a) . The staining consistently extended over the whole cell and there was little difference from chondrocytes treated with monensin (Fig. 3b) (Fig. 3c) . Chondrocytes treated with monensin also showed many vesicles filled with BMPR-Ib (Fig. 3d) (Fig. 4a) . Cells treated with monensin display connexin 43 staining in the perinuclear vesicles (Fig. 4b) . Fig. 4 (Fig. 4d) .
Immunofluorescence of intracellular and membrane proteins in chondrocyte monolayer culture
Protein expression of GDF-5 is shown in
The expression of the BMP inhibitor, noggin, is demonstrated in
(c). Noggin is mainly located in the perinuclear area. Monensin treatment caused the formation of vesicles containing noggin. These vesicles are located perinuclearly and throughout the cytoplasm
Discussion
In this study, we investigated whether some of the molecular biological expression patterns that have been described for the Probe: 5Ј-aagaagcagcgcctaagcaagaa-3Ј
Fig. 1 Real-time PCR analysis of native cartilage (cart.), chondrocytes in monolayer culture (days 0-36) and ligament fibroblasts (lig.). Gene expression was normalized to 18S rRNA expression. Data were log transformed and expressed as mean Ϯ S.D. of real-time PCR triplicate analysis. (a) GDF-5: There is a 10-fold up-regulation of GDF-5 expression in chondrocytes in monolayer culture compared to native cartilage. (b) BMPR-Ib: An up-regulation of BMPRIb expression can be found along with the up-regulation of GDF-5. (c) BMPR-Ia: There is a continuous down-regulation of BMPR-Ia from day 0 to day 36. Around day 24 a peak of BMPR-Ia expression is found. (d) BMPR-II: BMPR-II is expressed at a more or less stable level from day 0 to day 36. A peak of BMPR-II expression is found around day 24.
Fig. 2 Real-time PCR analysis of native cartilage (cart.), chondrocytes in monolayer culture (day 0-36) and ligament fibroblasts (lig.). Gene expression was normalized to 18S rRNA expression. Data were log transformed and expressed as mean Ϯ S.D. of real-time PCR triplicate analysis. (a) Noggin: The expression level of noggin is diminished during the entire cultivation period in monolayer culture and shows a level similar to noggin expression in ligaments. (b) Connexin 43: After about 10 days connexin 43 expression is up-regulated to a level that is nearly equal to that of fibroblasts.
formation of the interzone can also be found in the dedifferentiation process of human articular chondrocytes. Differentiation and proliferation are antagonistic processes. When chondrocytes are removed from their natural environment and transferred into monolayer culture, the arrest of the cell cycle is reversed and cells are stimulated to re-enter the propagation process.
Our studies indicate that one of the crucial players for the restart of propagation may be GDF-5. Within only 1 day in monolayer culture, there is a 10-fold increase in the synthesis of GDF-5. This up-regulation is maintained throughout the whole proliferation period, reaching its peak around day 22. This is also the period when the switch from type II collagen to type I collagen is completed [23] .
This up-regulation of GDF-5 occurs together with the upregulation of BMPR-Ib, indicating that both genes represent a functional unit and may augment the effect of GDF-5 on its target genes in this way. The effect of GDF-5 is mediated by its binding to a tetrameric complex, consisting of BMPR-II and BMPR-I, and especially -Ib. We could show that, in cells that are transferred to monolayer culture, the level of BMPR-Ib is increased, while the expression of BMPR-Ia is down-regulated. One may speculate that this downregulation happens in conjunction with the up-regulation of BMPR-Ib and is somehow an antagonistic process. The level of BMPR-II expression remains unchanged until day 18. After this time-point, there is an up-regulation of BMPR-II but also a slight increase of BMPR-Ia.
These data suggest a synchronization of the expression profile of these three receptors. [24] [26, 27] .
A diminished amount of noggin also amplifies the effect of GDF-5. Noggin has been reported as an inhibitor of BMP-2, BMP-4, BMP-7 and GDF-5 by binding to these proteins and preventing interaction with their receptors
In the course of our studies, we also investigated connexin 32, another gap junctional protein that has been reported to be expressed together with connexin 43 during the formation of the joint embryonic interzone [19] . In this case, we were not able to detect any expression of this protein in the course of chondrocyte cultivation in monolayer culture.
Thus, considering our data on the expression of type I and type II collagen from previous studies [22, 23] 
